A ternary composite of polypyrrole/copper oxide/europium oxide (PPY/CuO/Eu 2 O 3 ), synthesized via a facile in situ chemical oxidative polymerization method, exhibits the maximum specific capacitance of 320 F g À1 at the current density of 1 A g
Introduction
Mounting demands in digital communication, electric vehicles, wearable electronics and their associated technologies and several other devices necessitating high power electrical energy have impelled substantial research investigations in electrochemical capacitors, popularly known as supercapacitors.
1,2 With growing demand for energy sources, supercapacitors are attracting great interest because of their high-power density, high storage capacity, fast charge/ discharge rate, long cycle life, light weight, and environmental friendliness. This results in the combination of the advantages of the high-power dielectric capacitors and the high specic energy rechargeable batteries. 3, 4 Based on the energy storage mechanisms and the involved electrode materials, supercapacitors have been broadly categorized into electrical double-layer capacitors (EDLCs) and pseudocapacitors. EDLCs involves the formation of double layers as a consequence of charge separation at the electrode/electrolyte interface. On the other hand, pseudocapacitors involve faradaic charge transfer between the electrode and the electrolyte and redox capacitive mechanisms resulting in 10-100 times higher specic capacitance value than the EDLCs.
1 A considerable amount of research has been devoted to develop advanced nanomaterial that could prove to be very efficient electrode material possessing high rate capability and enhanced capacity attributed to a dramatically shortened ion diffusion path. 1, 4 Carbon material based EDLCs though provide a long cycle life (>10 5 cycles) but fail to exhibit a signicant value of specic capacitance. 5 However, pseudocapacitors, employing metal oxides and conducting polymers (CPs) as an electrode material display much higher specic capacitance but lack long cycle life and mechanical stability. 6, 7 According to a recent study, M. Liu et al. reported core-shell reduced graphene oxide/MnOx@carbon hollow nanospheres with a specic capacitance value of 270 F g À1 (at 1 A g À1 ).
8 Similarly, S. Ye et al. reported the fabrication of 3D graphene/ PPY nanotube with specic capacitance up to 253 F g À1 .
9
Furthermore, L. Miao et al. reported the fabrication of N, Scodoped ultramicroporous carbon nanoparticles with the maximum specic capacitance of 225 F g À1 at 2.0 A g
À1
. 10 To overcome the limited specic capacitance value possessed by the electrodes, storing charge based on EDL mechanism, researchers worldwide are devoted to develop novel materials that would involve the faradic charge transfer mechanism. These materials from the pseudocapacitive origin are expected to possess high specic capacitance and the other requisite properties, which will make them appropriate for practical application in the high-performance supercapacitors.
Applications of conducting polymers (CPs) are wide spread in various energy storage devices such as batteries and supercapacitors electrodes.
11 Supercapacitors based on CPs have several advantages such as compatibility in both aqueous and organic electrolytes, wide working potential ranges, a high specic capacitance value owing to the fast charge transfer rate. [12] [13] [14] [15] Polypyrrole, polyaniline, PEDOT, polyindole, and polythiophene includes some of the very eminent CPs being widely used in this context. [16] [17] [18] [19] [20] Amongst these, polypyrrole (PPY) has grabbed huge attention owing to its considerably improved chemical stability, electrical conductivity (50-100 S cm À1 ), and thermal stability. Also, the exhibition of electronic as well as ionic conductivity, lightweight property, rich chemistry, corrosion-resistivity, multiple oxidation states, high chemical inertness, low cost, ease of synthesis, and compatibility with different electrolytes make it an indispensable material as an electrode material in supercapacitors. [21] [22] [23] Nevertheless, the dearth of cycling stability owing to unstable and easily degradable backbones makes CPs destroyable within a very less number of charge-discharge cycles which is a major concern limiting their application in supercapacitors. These, together with the fast rate of self-discharge and temperature dependence properties oen restrict the usage of PPY as a pseudocapacitive material.
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On the other hand, transition metal oxides, such as oxides of ruthenium, copper, titanium, and manganese have revealed pertinent potential as electrode material for supercapacitors owing to their high pseudocapacitance value.
7,24-26 Copper oxide (CuO) has drawn global attentions because of its low cost, nontoxicity, rich resources, and ease of synthesis in various nano-sized dimensions. Amongst the family of metal oxides, CuO possessing a low bandgap (1.2 eV) displays p-type semiconductor behavior and is considered to be one of the aptest candidates for supercapacitor electrode material due to its excellent pseudocapacitive properties. 25 In addition, among the transition metal oxides, CuO is attractive due to its merits, including relatively lower toxicity, larger abundance, lower cost, environmental stability, and desirable optical, electrical, and electrochemical properties. CuO synthesized in various structures have been explored to be used as supercapacitor electrode. S. K Shinde et al. have fabricated copper oxide nanoowers on exible copper foil and reported a specic capacitance value of 498 F g À1 . 27 Krishnamoorthy et al., also investigated the electrochemical properties of hierarchical CuO nanostructures for pseudo-supercapacitor device applications and reported a specic capacitance value of 94.83 F g À1 at 0.005 mV s À1 . 28 Moosavifard et al., designed 3D nanoporous CuO electrodes and found a specic capacitance value 431 F g À1 . 29 However, decrepitude of CuO crystal structure in the ion insertion-extraction process is a major drawback abating its excellence. This can be overcome by controlling the material nanostructure and employing synergistic effects of CPs forming various CuO based polymeric composite materials. 30 Rare earth metal oxides form another class of materials that seek much attention due to their unique, optical, catalytic and electrochemical properties arising from the accessibility of the shielded 4f levels. Consequently, europium oxide (Eu 2 O 3 ) has been studied and has proven very challenging as a supercapacitor electrode material. Accompanied with the excellent optical property, they are indeed good electron acceptors as well as electron donors. 4 (99.99%) were purchased from Aldrich. Solvents such as ethanol and acetone were procured from Merck. All the reagents were of analytical grade and were used without further purication. Deionized (DI) water was used during the entire experiment.
Preparation of CuO
CuO particles were synthesized via chemical precipitation method, as reported by Z. Yin et al.
33 0.5 M aqueous solutions of copper(II) acetate (Cu(CH 3 COO) 2 $H 2 O) and 2 M NaOH were mixed to produce massive copper hydroxide (Cu(OH) 2 ) precipitate at room temperature. The color of the solution turned from green to bluish green and nally to black as the reaction proceeded. The black precipitate obtained was copper oxide (CuO). The precipitate was ltered and washed with ethanol and DI water to remove the sodium chloride salt solution. Aer that, it was dried at 60 C.
Preparation of PPY/CuO
PPY/CuO was prepared via in situ oxidative polymerization method using APS as the oxidant. A well-dispersed solution of CuO was obtained by dissolving 0.5 g of the freshly prepared CuO particles in 50 mL DI water. APS solution (2.5 g of APS in 50 mL DI water) was added rapidly to the solution of 1 mL pyrrole in 50 mL of DI water, and the resulting mixture was kept in an ice bath. The CuO solution prepared previously was added dropwise to this reaction mixture, and it was stirred continuously. The obtained solution was kept under refrigeration overnight for complete polymerization. It was then ltered, and the obtained residue was washed with DI water and ethanol several times and nally dried at 60 C. Pure PPY was synthesized following the similar oxidative polymerization method in the absence of CuO. Table 1 . CuO and Eu 2 O 3 were dispersed separately by taking a given amount of the constituents in 50 mL DI water. 2.5 g APS in 50 mL DI water was added to 1 mL pyrrole solution with 50 mL DI water to initiate the polymerization process of the monomer. As prepared CuO and Eu 2 O 3 suspensions were added dropwise to this reaction mixture. The so obtained reaction mixture was kept in an ice bath with constant stirring followed by overnight refrigeration. It was then ltered and was washed several times with ethanol and DI water. Further, it was ltered and dried at 60 C to obtain the nal product of the ternary nanocomposites. Scheme 1 showed the schematic representation of the formation of the PPY/CuO/Eu 2 O 3 nanocomposites.
Structural and morphological characterizations
The as-synthesized PPY, PPY/CuO, and PPY/CuO/Eu 2 O 3 -2 nanocomposites were characterized by FT-IR spectroscopy (Nicolet 6700) in the wavenumber range 400-4000 cm
À1
. The sample preparation for FT-IR analysis involved mixing spectroscopic grade potassium bromide (KBr) with synthesized materials in the weight ratio of 20 : 1 in an agate mortar and nally casting the mixture into small disk-shaped pellets by applying a load of 5 tons for 2 min. The surface morphologies of nanocomposites were examined using FE-SEM (Supra-55 Carl ZEISS Germany) technique at an accelerating voltage of 5 kV and vacuum of 10 À4 to 10 À6 mm Hg. The samples were prepared by adhering a small amount of specimen onto a carbon tape followed by thin layer gold coating. HR-TEM images were recorded using JEOL (JEM-2100) machine. For this purpose, approximately 0.5 mg sample was dispersed into 10-15 mL ethanol followed by sonication. From this solution, one drop specimen was taken and placed over the copper grid with the help of a micropipette. Surface area and the pore features of the as-prepared samples were studied using Quanta Chrome Nova-1000 surface analyzer instrument using liquid nitrogen at 77 K. Adsorption-desorption isotherms were recorded to obtain the surface area using BET method and pore size distribution using BJH method. The thermal gravimetric analysis (TGA) was performed using thermogravimetric analyzer (NETZSCH-0798-M) to study the thermal stability of the samples. The samples were heated in the temperature range 30-800 C at the rate of 10 C min À1 with continuous nitrogen ow at the rate of 100 mL min À1 .
Electrochemical measurements
The samples were evaluated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopic (EIS) techniques so as to investigate their electrochemical performance. Experiments were conducted on symmetric two electrode system (CHI-760D) operated at the room temperature using 1 M H 2 SO 4 as the electrolyte. For this purpose, a mixture of 80 wt% active material, 10 wt% carbon black and, 10 wt% polyvinylidene diuoride (as a binder) was prepared with the addition of a small amount of ethanol to obtain a slurry of the mixture. Approximately, 1 mg of the prepared slurry was pressed on two nickel foams (Changsha Lyrun Material Co., Ltd. China), each of dimension 1 Â 1 cm 2 , serving as current collectors. The weight of the nickel foams was noted before and aer mass loading and the mass difference gave the amount of loading. Finally, both the nickel foams coated with the slurry were dried at 90 C overnight in the oven to obtain the symmetric electrodes for conducting the experiment.
Results and discussions

Structural and morphological characterization
The chemical structure and the presence of chemical interactions between the various constituents of the nanocomposites were investigated by FT-IR vibrational spectra. Fig. 1 represents the FT-IR spectra of the nanocomposites and the as-synthesized PPY. The absorption peaks at 1555, 1457, 1373, and 1196 cm À1 corresponded to C]C stretching, C-N stretching, C-H vibrations, and C-C stretching respectively. 34, 35 The absorption peaks at 1050 cm À1 appeared due to in-plane distortion of C-H bond, and N-H bond belonged to the pyrrole ring, while the peak at 925 cm À1 appeared due to C-C out of phase deformation vibration. 35 The out of ring deformation and C-C out of plane ring deformation or C-H rocking peaks appeared at 794 and 665 cm À1 respectively. 35 All these peaks also appeared in the case of the PPY/CuO and PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite along with slight shis in the peaks suggestive of developed interactions between various species present in the nanocomposites. Further, the peaks at 484, 549, and 617 cm À1 appeared in the case of PPY/CuO which represented the vibrations of Cu-O bond. The morphological properties and the distribution of various species in the samples were investigated using FE-SEM as shown in Fig. 2 . Pure polypyrrole acquired spherical structures showing some agglomeration as represented in Fig. 2a . Fig. S2 (a and b) † represented the FE-SEM images of pristine CuO and Eu 2 O 3 nanopowder. It was assessed from Fig. S2 (a) † that CuO particles were of about 100 nm and Eu 2 O 3 nanoparticles had dimensions of few nanometers as seen in Fig. S2(b) . † Incorporation of CuO in PPY resulted in the formation of composite acquiring sheet-like morphology as shown in Fig. 2b . The uniform distribution of CuO particles in the PPY matrix increased the porosity and resulted in the formation of a conducting network for charge transfer. The mesoporous conducting network hence formed could be expected to facilitate the absorption of more ions from the electrolyte in turn enhancing the specic capacitance value. 40 The Eu 2 O 3 particles got distributed over the sheet-like PPY-CuO composite as could be clearly perceived in the Fig. 2(c and d) . The resulting distribution of the components in the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite was further investigated by energy-dispersive Xray spectroscopy (EDS) mapping technique, which clearly showed a homogeneous and continuous distribution of the constituent (C, N, O, Cu, and Eu) elements as represented by the Fig. 2(e-j) .
To further characterize the morphological and structural features of the samples, these were analyzed using HR-TEM, as shown in the Fig. 3. Fig. 3a represented the HR-TEM image for pure PPY, where polypyrrole chains could be clearly perceived as deep gray structures. HR-TEM image of PPY/CuO, as shown in Fig. 3b presented numerous small structures making a continuous network of PPY/CuO composite.
41,42 Eu 2 O 3 seemed to possess nano-size random structures as shown in Fig. 3(c and  d) . 43 The particle size of CuO was roughly estimated to be around 110 nm in the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite as shown in Fig. 3(c) . Also, Eu 2 O 3 nanoparticles were observed as small dots as shown in Fig. 3(c and d) . SAED patterns for PPY/ CuO and PPY/CuO/Eu 2 O 3 -2 have been depicted in the Fig. 3(e  and f) . The blurred ring-like patterns along with the appearance of some bright spots suggested that both the PPY/CuO and PPY/ CuO/Eu 2 O 3 -2 ternary nanocomposite were semi-crystalline in nature. In the case of PPY/CuO the reections occurred from 400, 200, 020, 004, and À131 planes. While, reections were perceived to occur from À113, À112, and 110 planes in case of the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite. The SAED pattern for pure PPY has been shown in the inset with the HR-TEM image for pure PPY. The blurred ring-like structures indicated amorphous nature of the pure PPY. 
Brunauer-Emmett-Teller (BET) analysis
Nitrogen adsorption and desorption isotherms were obtained at 77 K to investigate the specic surface area and porosity of the as-prepared polymeric samples. As shown in Fig. 4a , pure PPY, PPY/CuO, and PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite exhibited type IV isotherms with the H3 type of hysteresis loop (as per the IUPAC classication norms) without any adsorption saturation region, indicating the presence of mesoporous adsorbent. 44 The isotherms illustrated that the incorporation of inorganic llers had no effect on the mesoporous nature of the as-prepared nanocomposite. For further conr-mation, the pore size distribution plots were obtained based on the adsorption data according to the BJH method as shown in the Fig. 4b . 45, 46 The specic surface area and pore diameter of neat PPY were 41 m 2 g À1 and 5.25 nm. The specic surface area increased to 81.7 and 107.5 m 2 g À1 , while the pore diameter decreased to 4.15 and 3.6 nm for PPY/CuO and PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite respectively. The enhancement in the specic surface area could be attributed to the inclusion of the metal oxides CuO and Eu 2 O 3 into the mesoporous PPY matrix. Addition of Eu 2 O 3 nanoparticles increased the specic surface area of the resulting nanocomposite, owing to the greater surface to volume ratio of the nanostructures. The resulting nanocomposite remained mesoporous in nature. However, there was a signicant reduction in the pore size of the resulting nanocomposite. In addition, incorporation of inorganic llers in the PPY matrix led to the formation of mesoporous conductive network facilitating an easy path for the charge transport. The desorption loops for both pure PPY and the PPY/CuO/ Eu 2 O 3 -2 ternary nanocomposite showed a slight change in the slope at the relative pressure of 0.4. The terminations of the desorption curves were noted to be around P/P 0 ¼ 0.35. For the PPY/CuO composite, the desorption terminated at the starting point of the adsorption phenomenon.
Thermogravimetric analysis
To investigate the inuence of the inorganic llers CuO and Eu 2 O 3 on the thermal stability of the polymer matrix, TGA technique was employed. The obtained thermograms have been shown in the Fig. 5 . It was observed that all the samples exhibited two-step degradation process. The rst weight loss, at around 100 C, could be attributed due to the evaporation of the moisture and other the volatile impurities in the sample. 7, 22 The second degradation occurred at a higher temperature, around 300-500 C, which could be attributed mainly due to the obliteration of the backbone of the polymer chains. 22 It is evident 
Electrochemical measurements
The electrochemical performance of the as-prepared samples was investigated using a symmetrical two electrode system in 1 M H 2 SO 4 as the electrolyte. 7, 22, 48 The GCD measurements for the PPY/CuO/Eu 2 O 3 -2 was performed within a potential window 0-1 V with varying current densities from 1-10 A g À1 . The GCD plots as shown in Fig. 6a , implied a decent reversible pseudocapacitive behavior exhibited by the ternary nanocomposite in a wide current range. As depicted in Fig. 6b , the GCD curves for pure PPY, measured at 1 A g À1 , seemed to exhibit non-triangular nature showing an ideal pseudocapacitive behavior. The GCD curves for PPY/CuO and PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite also showed signicant deviation from triangular path, revealing the pseudocapacitive dominance arriving from the incorporation of the metal oxides in the PPY matrix. As seen from Fig. 6b , charging and discharging time for PPY/CuO/ Eu 2 O 3 -2 were witnessed to increase, as compared to the PPPY and PPY/CuO, indicating an enhancement in the specic capacitance of the ternary nanocomposite. Specic capacitance derived from galvanostatic charging-discharging measurements were calculated according to the equation:
where C (F g À1 ) represented the specic capacitance, I (mA)
represented the discharge current, Dt (s) represented the discharge time, DV (V) represented the potential window in which experiments has been carried out, and m (mg) represented the average mass loaded on each electrode. The factor of "2" is included to consider the effect of the equivalent series Also, oxygen-containing group (Eu 2 O 3 ) is a good electron acceptor, thereby improving the ion exchange process through interacting with the PPY which is a good electron donor. This might result in the formation of a charge transfer complex leading to charge stability and enhancement in the capacitance value in the ternary composite. 49 Also, the enhanced specic surface area due to the incorporation of Eu 2 O 3 nanoparticles, as seen from BET analysis, resulted in abundant interfaces provoking more number of interfacial exchanges of the electrolyte ions. For understanding the effect of incorporation of Eu 2 O 3 in enhancing the electrochemical performance, we have included Table 3 . Table 3 compares the specic capacitance values of other previously reported composites with that of the specic capacitances of composites synthesized in this work. Compared to the previously reported composites, PPY/ CuO/Eu 2 O 3 -2 ternary composite was found to be quite satisfactory and challenging. The CV curves for the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite, as shown in Fig. 6c , were plotted in the working potential range 0-1 V with the varying scan rates of 5, 10, 20, 50, 100, and 200 mV s À1 . Pure PPY, PPY/CuO, and PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite were seemed to possess distorted rectangular CV proles indicative of an ideal pseudocapacitive nature as perceived from Fig. 6d . The CV curves for the PPY/ CuO/Eu 2 O 3 -2 ternary nanocomposite demonstrated a good and stable pseudocapacitive behavior at the various scan rates with a working potential of 1 V. Further, it showed the largest integrated area under the CV loop as compared to the pure PPY and PPY/CuO. The enhanced area under the CV loops for the PPY/ CuO/Eu 2 O 3 -2 ternary nanocomposite suggested the improved specic capacitance as the integrated area under the CV curve is directly proportional to the specic capacitance value exhibited by the electrode material. The absence of any peak for the CV loops for the samples was an indication towards charging and discharging at a pseudo-constant rate over the complete voltammetric cycle. Also, for PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite, the current response in the oxidation half was witnessed to shi positively, while current response for the reduction half was witnessed to shi negatively with an increasing scan rate. It happened mainly due to the variation in the thickness of diffusion layer formed with varying scan rates.
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Further, a graphical comparison between the specic capacitance values for the pure PPY, PPY/CuO, and PPY/CuO/ Eu 2 O 3 -2 ternary nanocomposite at different current densities has been shown in Fig. 7 . At the maximum current density of 10 A g À1 , the ternary nanocomposite was witnessed to retain a considerable value of specic capacitance i.e. 92 F g À1 . While, pure PPY and PPY/CuO showed a signicant reduction reaching the values of 79 and 84 F g À1 at the current density of 10 A g À1 .
This decrease in the capacitance value with an increase in the current density could be due to the inadequate time for the accomplishment of the doping/dedoping process. This led to the participation of only the outer surface of the electrode material where the redox reaction took place. However, at the lower current densities ions from electrolyte could reach into the bulk and hence almost all the pores of the electrode material, ultimately resulting into an enhanced specic capacitance value.
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An electrode material should impart appreciably high energy density as well as high power density for successful fabrication of high-performance supercapacitor. Specic energy density (E) and specic power density (P) for the samples were calculated from the GCD data using the equations.
22,48
where E (W h kg À1 ) represented the average energy density, C represented the specic capacitance (F g
À1
) of the material as obtained from the GCD plot, V (V) represented the working potential, P (W kg À1 ) represented the average power density and Dt (h) represented the time taken for discharging. The Ragone plots (Fig. 8a) showed an ideal capacitive behavior for the samples. The maximum energy density for pure PPY was found exhibited a better performance with enhanced energy density and considerably high power density as compared to the pure PPY. The capacitance retention analysis for determining the robustness and durability was carried out by subjecting the samples to the charge-discharge process for 3000 cycles, the corresponding results have been shown in Fig. 8b . Pure PPY suffered poor cyclic performance caused by swelling and shrinkage during the charge-discharge cycle. It showed only 62.83% capacitance retention aer 3000 cycles. However, the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite incorporated with inorganic llers (CuO and Eu 2 O 3 ) has endured 3000 chargedischarge cycles with 92.89% capacitance retention which was almost 1.4 times larger than the pure PPY. This enhanced cyclic stability could be attributed to the resulting "skeleton/skin" structure providing a stronger backbone to the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite.
As far as the practical application is concerned, an electrode material should exhibit a considerably high coulombic efficiency. For the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite, the coulombic efficiency was calculated using the following equation.
In the equation, t d (s) represented discharging time, and t c (s) represented charging time. As shown in Fig. 8c , the coulombic efficiency was noted to increase with a fading capacitance when current density was increased from 1 to 10 A g À1 . It reached a value of 99.86% at the current density of 1 A g À1 . Such high value of coulombic efficiency established the improved redox reversibility of the PPY/CuO/Eu 2 O 3 -2 ternary nanocomposite. With a further increase in the current density to 10 A g À1 , the value for coulombic efficiency crossed 100% and reached a value of 105%. The coulombic efficiency of more than 100% could be explained by the occurrence of some parasitic reactions such as degradation of electrode and electrolyte leading to the addition of more charges during the discharge process. A high coulombic efficiency as well as well as an excellent cycle stability revealed the efficiency of the PPY/CuO/ Eu 2 O 3 -2 ternary nanocomposite for application in highperformance supercapacitors.
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The internal resistance, charge transfer kinetics and the ion diffusion processes were investigated by the EIS measurement in the frequency range 0.1 Hz to 100 kHz with an amplitude of 5 mV applied at an open circuit potential together with an AC perturbation. As shown in the Fig. 8d , the Nyquist plots for all the samples consisted of two parts: a small semicircular portion and a linear region. The intercept of the semicircle with Z 0 -axis in the higher frequency region represented the contact resistance, electrolyte resistance, and inherited resistance offered by the active material. 1 This is termed as equivalent series resistance (R s ), while the diameter of the semicircle represented the charge transfer resistance (R ct ) offered by the electrode material to the transport of electrons through it. The linear portion represented the Warburg resistance and the angle it made with the Z 0 -axis indicated about the diffusion resistance offered by the electrode material to the redox element from the electrolyte. 
